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FACILITATING RECOMBINASE DISCOVERY IN NON-STANDARD MODEL 
ORGANISMS 
MICHELLE Y. CHUNG 
ABSTRACT 
 Diverse research into the model organism, Escherichia coli, has added substantial 
depth to our understanding of genome editing of bacteria.  Recombineering using the λ 
Red system is the most disruptive molecular technology discovered thus far, and 
improved our ability to introduce targeted single nucleotide variants by ~1E4 fold.  This 
discovery has catalyzed incredible progress and enabled ambitious genome/organism 
engineering projects such as high throughput metabolic engineering to genome-wide 
codon reassignment.  While efforts in E. coli have since accelerated further, work in other 
bacterial model organisms has lacked this catalyst and continues to fall behind E. coli.  
To facilitate development of disruptive technologies for non-standard model organisms, 
we produced a library of homologs to the λ Red recombinase, λ β (NP_040617.1), to 
generate a toolbox for recombinase discovery in organisms with minimal tools.  We 
demonstrated the recombinase discovery workflow, called Serial Evolutionary 
Enrichment for Recombinases (SEER), in E. coli and present a number of alternatives to 
using λ Red for genome editing.  We then moved on to explore λ β-mediated 
recombination in vitro where we able to show that bet specifically unloads E. coli Ssb 
from Ssb-coated oligos to facilitate annealing.  We hypothesized that ssb represents the 
minimal host interaction node that a recombinase must achieve to facilitate 
recombination in vivo, and demonstrated a gain-of-function phenotype when species-
	  
	   vii 
matched recombinase/ssb pairs are ported into foreign organisms, potentially opening up 
poorly understood organisms to recombineering using well understood recombinase/ssb 
pairs.  
	  
	   viii 
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Engineering rapid and specific changes to the genetic code of any organism has 
long been a goal of molecular genetics.  However, broad visions have given way to 
practical reality as disruptive technology development efforts have only materialized in 
model organisms with a variety of robust tools, including episomal expression vectors, 
selectable/counter-selectable/dual-selectable markers, inducible promoter systems, and 
methods to edit genomes in vivo.  Escherichia coli is the darling of molecular genetics 
due to ease of culture, quick doubling time in rich media, and an expansive toolbox.  
Indeed, E. coli is so well understood that it is widely used as the host for preparing and 
propagating vectors for expression in all other biological systems.  Our ability to make 
changes to the E.coli genome has ensured that it is a preferred chassis for synthetic 
biology and large-scale genome engineering. 
Lines of inquiry into phage λ biology generated λ Red recombineering, which 
continues to be one of the most disruptive technologies in genome engineering due to its 
simplicity and scalability.  λ Red recombineering leverages the phage λ Red operon that 
is normally expressed during phage lytic growth (Datta, Costantino, & Zhou, 2008) and 
promotes high-efficiency, targeted recombination between linear, single-stranded (J. A. 
Mosberg, Lajoie, & Church, 2010) DNA (ssDNA) and the host chromosome regardless 
of limited (~50 bp) homology or  the presence of mismatches with the chromosome.  λ 
Red  became a disruptive technology when it was recognized that the mechanism could 




incorporating user-defined DNA, instead of a phage genome, into the E. coli 
chromosome.  The λ Red operon is composed of Red α, β and γ, also known as λexo (a 
5’à3’ exonuclease), β (a single stranded annealing protein [SSAP]), and gam (a 
RecBCD nuclease complex inhibitor), respectively.  λ β is necessary and sufficient to 
recombine ssDNA into the E. coli chromosome and itself improves recombination rates 
in E. coli by 1E4-fold (Ellis, Yu, & DiTizio, 2001).   λexo, and to a lesser extent gam are 
important for generating ssDNA from double-stranded DNA (dsDNA) for β-mediated 
recombination.  Together, the λ Red operon can generate variants on the single nucleotide 
level using ssDNA oligos, mediate deletions on the 100 bp to 10 kb scale using ssDNA 
oligos, as well as facilitate insertions on the kb scale using dsDNA PCR products.  One of 
the most attractive features of β-mediated recombination is its inherent simplicity, since 
targeting a recombination event is fundamentally based on the input DNA directing 
proper targeting as well as encoding mutations/insertions/deletions of interest.  In this 
way, cheap DNA synthesis and λ Red recombination synergize into a versatile tool that 
requires minimal expertise to make powerful, yet precise edits to the E. coli genome.   
Since its inception, λ Red recombineering has been the subject of intense process 
engineering (Miki, Yamamoto, & Matsuda, 2008), (Harris H. Wang et al., 2009), (H. H. 
Wang, Xu, Vonner, & Church, 2011), (Carr et al., 2012), (Joshua A. Mosberg, Gregg, 
Lajoie, Wang, & Church, 2012), (Lajoie, Gregg, Mosberg, Washington, & Church, 
2012), which has improved the efficiency at which edits occur in the bulk population.  
Despite intense scrutiny, a complete molecular mechanism describing β-mediated 




DNA strands (Kmiec & Holloman, 1981), prefers linear over circular substrates 
(Karakousis et al., 1998), and that a single β monomer binds short ssDNA (28-36 bp) 
with a KD of 1.8 µM (36-mer) that is further stabilized in the presence of (10 mM) Mg2+ 
and biological concentrations of NaCl (Mythili, Anand Kumar, & Muniyappa, 1996).  In 
the context of an oligo recombination with the genome, a lagging-strand-targeting oligo 
is recombined at least 10-fold better than one targeting the leading strand (Ellis et al., 
2001).  Furthermore, manipulating the DnaG primase to attenuate its interaction with the 
replisome and increase the interval between priming of Okazaki fragments significantly 
increases recombination frequency, which suggests that λ β facilitates oligo incorporation 
as a pseudo-primer for Okazaki fragment synthesis on the lagging strand of replication 
(Ellis et al., 2001), (Lajoie et al., 2012), (Court, Sawitzke, & Thomason, 2002).  Very 
little is known about Beta’s biochemical ability beyond annealing (Mythili et al., 1996), 
strand invasion(Mythili et al., 1996) and limited strand displacement activities 
(Rybalchenko, Golub, Bi, & Radding, 2004), however we (Rios et al., 2012), (DiCarlo et 
al., 2013) and others (van Kessel & Hatfull, 2006), (Swingle, Bao, Markel, Chambers, & 
Cartinhour, 2010), (Binder, Siedler, Marienhagen, Bott, & Eggeling, 2013) have found 
that λ β exhibits significant host tropism.   
There is significant interest in developing recombineering methods in model 
organisms besides E. coli. Thus far, porting recombineering into new model organisms 
has been rational with candidates often limited to λ β and a few homologs from 
strains/phages that are related to the chassis where recombineering is desired.  In one 




Lactobacillus using an SSAP derived from closely related L. reuteri (Jan-Peter van 
Pijkeren, Neoh, Sirias, Findley, & Britton, 2012).  Although there have only been a 
handful of published attempts, it is difficult to predict a priori which (if any) candidates 
will work in a novel system.  For example, a Mycobacterium tuberculosis homolog, 
gp61, was at least 10-fold better than λ β or E.coli recT in M. tuberculosis (van Kessel & 
Hatfull, 2006).  In Pseudomonas, a recT homolog derived from P. syringae produced a 
25-fold improvement while λ β had no effect (Swingle et al., 2010).  In Corynebacterium, 
E. coli recT was the most efficient SSAP compared to a Corynebacterium phage SSAP 
homolog and M. tuberculosis gp61, while λ β appears to be non-functional (Binder et al., 
2013).  Finally, recent work in Agrobacterium tumefaciens was successful in porting λ 
Red directly, but the system exhibited mutation frequencies in the 1E-4 range (Hu et al., 
2013). 
In a related effort, one study looked at a library of 10 recombinase homologs in E. 
coli and the frequency at which they recombine ssDNA is quite variable (from 2.1E-1 to 
2.50E-5 ~ background).  Surprisingly, an SSAP from gram-positive Enterococcus 
faecalis (EF2132) worked in E. coli equivalently well (2.10E-1) ssDNA recombinations 
as λ β (Datta et al., 2008). Given the paucity of data points from a relatively small pool of 
current candidates, we sought to gain greater coverage of SSAP diversity by sourcing 
from metagenomic databases.  We hypothesized that a large library could enable 
recombineering in many non-standard model organisms.   
The performance variation of a recombinase from species to species is consistent 




the replisome, but the literature offers little mechanistic insight.  One study, using pull-
down mass spec using λ β as the bait, identified a handful of sensible interaction partners, 
such as dnaG , blaA blaB and blaF**, which offer minimal mechanistic insight.  Potential 
insights on this host-specific interaction can be derived from the eukaryotic SSAP Rad52. 
In addition to mediating annealing of complementary DNA strands (Mortensen, 
Bendixen, Sunjevaric, & Rothstein, 1996), Rad52 is able to interact the eukaryotic single-
strand binding protein RPA and anneal RPA-coated ssDNA (Sung, 1997), (New, 
Sugiyama, Zaitseva, & Kowalczykowski, 1998), (Shinohara & Ogawa, 1998).  The 
Rad52-RPA interaction also exhibits host tropism, for example yeast Rad52 cannot 
efficiently anneal DNA pre-coated with human RPA or E. coli SSB (Sung, 1997), 
(Shinohara & Ogawa, 1998), (Weinert & Rio, 2007).  In E. coli and other bacteria RecO 
is able to anneal SSB-coated DNA (Kantake, Madiraju, Sugiyama, & Kowalczykowski, 
2002), suggesting an analogous species-specific interacting partner for λ β. Indeed, RecO 
binds both ss- and dsDNA, promotes the renaturation of complementary DNA in a 
reaction stimulated by Mg2+, and is inhibited at high NaCl concentrations (Luisi-DeLuca 
& Kolodner, 1994).  Like Rad52, RecO can only anneal ssDNA coated with its cognate 
SSB protein and not RPA-coated DNA (Kantake et al., 2002). 
The RecO interaction with SSB requires the extreme C-terminus of SSB (Hobbs, 
Sakai, & Cox, 2007).  A structure of RecO crystalized with the SSB C-terminus peptide 
(WMDFDDDIPF) showed the peptide in a pocket, whose core was dominated by 
hydrophobic residues and surrounded by a positively charged surface.  Phenylalanine and 




alanine scans (Ryzhikov, Koroleva, Postnov, Tran, & Korolev, 2011).  In vivo, the 
terminal 10aa of SSB are not required for DNA binding but are essential for viability  
(Curth, Genschel, Urbanke, & Greipel, 1996).  When SSB binds to ssDNA, the C-
terminal domain  should be available to interact with other components of the replisome 
(Kozlov, Cox, & Lohman, 2010), (Shereda, Kozlov, Lohman, Cox, & Keck, 2008), 
including DnaG primase (Naue, Beerbaum, Bogutzki, Schmieder, & Curth, 2013). 
Furthermore, chimeric M. tuberculosis SSB variants in which the analogous C-terminus 
was swapped out for the E. coli C-terminus showed that this determinant alone could 
increase the binding of Uracil DNA Glycosylase to the heterologous SSB (Handa, 2001). 
To test the role of SSB in β-mediated recombination, we present in vitro and in vivo data 
that supports the hypothesis that β unloads SSB from SSB-coated ssDNA to facilitate 
annealing between exogenous ssDNA and the chromosome and subsequent 
incorporation.  We show that deleting the C-terminus of λ β exhibits a complete loss of 
function and that β is capable of annealing complementary ssDNA pre-coated with SSB, 
which is dependent on the C-terminal ten amino acid tail of SSB, akin to how RecO 
(Hobbs et al., 2007), DNA pol IV (Furukohri, Nishikawa, Tatsumi Akiyama, & Maki, 
2012), and ExoI (Lu & Keck, 2008) interface with SSB.  We speculate the SSB is the 
host interaction factor and that λ β-SSB constitutes the host interaction node regulating 
recombination frequencies, and this finding could be leveraged to port well understood 






Strains & Culture Methods 
The strains used in this work were derived from EcNR2 
(EcNR2.dnaG_Q576A.tolC_mut.mutS::cat_mut.dlambda::zeoR) (Harris H. Wang et al., 
2009). Strains were grown in liquid culture using the Lennox formulation of lysogeny 
broth (LBL) (Lennox, 1995) with the appropriate selective agents: carbenicillin (50 
µg/mL), chloramphenicol (20 µg/mL), SDS (0.005% w/v), zeocin (100 µg/mL).   
 
Oligonucleotides, Polymerase Chain Reaction, Quikchanges, and Isothermal 
Assembly 
A complete list of the oligonucleotides used is listed in Table S4 
PCR products used in transformations and recombinations were amplified using 
Kapa Biosystems, High-Fidelity polymerase, according to the manufacturer’s 
instructions. Kapa 2G Fast ready mix was used to PCR screen the correct insertion in 
strains. Sanger sequencing of PCR products was carried out through a 3rd party service 
(Genewiz, Inc.). 
To assemble multiple DNA sequences into a single contiguous sequence, or to 
assemble a circularized vector from linear vector backbone and insertion variants, we 
used isothermal assembly at 50C for 60 minutes based on published protocols (Gibson et 
al., 2009).  When we desired SNV variants of a given plasmid system (e.g., to introduce 




primers encoding the mutations of interest to generate the mutant strand, then dpnI-
digested the parental plasmid, according to the manufacturer’s instructions. 
 
Transformations, Lambda Red Recombinations, & MAGE 
Transformations were conducted with Zymo Research’s Mix & Go DH5α Z-competent 
E. coli, according to the manufacturer's protocol, except for the recovery step where the 
culture was recovered in 1mL of LBL for 1 hour before plating onto appropriate medium.  
For recombinase discovery (SEER) and characterization, λ Red recombineering 
was implemented on episomal expression vector using 0.2% D-glucose to repress and 
0.2% L-arabinose to induce expression (Datsenko & Wanner, 2000). An overnight 
growth culture was passaged 1:100 into 3mL LBL with 0.2% D-glucose. The cultures 
were then incubated at 34 C with rotation until the OD600 ~0.1 (~1 hour). Two mL 
culture was then washed twice with 2 mL water and resuspended in 2.5 mL LBL with 
0.2% L-arabinose.  They were then induced for 45 minutes while rotating at 34C 
followed by icing the culture and washing 0.980 mL of culture twice in ice-cold sterile 
water. Thereafter, pellets were resuspended with 50µl of 1 µM ssDNA oligo, or 100ng 
dsDNA PCR product, or both depending on the goal of the recombination. Cultures were 
electroporated at 1.8kV, 200 ohms, 25uF and recovered in 2 mL of LBL for 2 hours.  
 
Synthesis of Metagenomic Recombinase Libraries 
To generate a library of putative SSAPs, we pursued two approaches to cataloging 




β (NP_040617.1) as the query.  Candidates exhibited a bi-modal distribution where the 
first was SSAP-like, with sequence lengths from 500 - 1,050 bp (except for 4 candidates 
> 1,050 bp.), and were annotated as recombination protein or unknown.  The second 
were larger genes (1,200 – 1,500+ bp), and largely annotated as ABC-related ATP 
binding cassettes.  We removed the latter, removed any SSAP-like candidates from E. 
coli to minimize redundancy with λ β, and removed identical entries.   
In the second approach, we used multiple sequence alignment of NP_040617.1 (λ 
β), NP_930169.1 from Photorhabdus luminescens, Q9AKZ0 from Legionella 
pneumophila, Q8KQW0 from Virbio cholerae, Q9MBV8 from Lactococcus phage 
u136.2, YP_003084246.1 from Prochlorococcus siphovirus P-SS2, NP_815795.1 
(EF2132) from Enterococcus faecalis, and NP_463513.1 from Listeria phage A118 to 
generate a Hidden Markov Model that described the weighted positional variance of 
these proteins.   We then queried non-redundant nucleotide and environmental 
metagenomic databases using web-based search interface (Finn, Clements, & Eddy, 
2011).  Candidates were filtered based on gene size and ABC ATP-binding cassette 
annotation.  Candidates that exhibited intra-sequence similarity of greater than 98% were 
removed from the group.   
We also rationally added a number of other recombinases for synthesis, including 
candidates from other model organisms that have been previously shown to function in 
E. coli (NP_930169.1 from Photorhabdus luminescens, Q9AKZ0 from Legionella 
pneumophila, Q8KQW0 from Virbio cholerae, Q9MBV8 from Lactococcus phage 




Enterococcus faecalis (Datta et al., 2008), recT from E. coli K12 (B1XAU6), CG19468 
from Drosophila Melanogaster (Eisen & Camerini-Otero, 1988), C7F4E8 from 
Prochlorococcus siphovirus P-SS2 (Sullivan et al., 2009), and NP_040617.1 (λ β itself) 
(P03698).  In total, our library contains 72 members from the first approach, 113 
members from the second, and 10 members that were rationally added for a total of 195 
recombinase homologs.   
To prepare the library for synthesis (Gen9, Inc.), we reverse translated the protein 
coding sequence using optimized codon usage tables for E. coli.  We set upper bounds (> 
70%) and lower bounds (<30%) for GC-content of 100-mer windows and manually 
massaged codon usage to meet these requirements.  ATG was used for all starts codons.  
TAA was used for all stop codons.  Upstream of the coding sequence, we added 35 bp of 
homology to support assembly with the pARC8 (Eroshenko & Church, 2013) vector (5’-
TTCTCCATACCTGTTTTTCTGGATGGAGTAAGACC-3’).  After the stop codon, we 
added the primer sequence of a Illumina-like primer, and barcode region of interest that 
was unique to each library member, and the hybridization site for a reverse Illumina 
primer to support a PCR-based library preparation for high-throughput, Illumina 
sequencing (see below).  Downstream of the barcode region, we added 35 bp of 
homology to support assembly with the pARC8 vector (5’-
ACTAGTGGGGAAGCTTATCGATGATAAGCTGTCAA-3’).  As a final synthesis 
requirement, synthons were manually redesigned, as needed, to avoid the following 




Sythons were pooled at equimolar ratios and assembled in a complex isothermal 
assembly (Gibson et al., 2009) using a linear pARC8 vector backbone, which enabled 
episomal expression of the recombinase candidates under 0.2% L-arabinose at a copy 
number ~ 10.  Crude assemblies were transformed into Z-competent DH5α (Zymo 
Research) and plated onto LBL agar containing carbenicillin to generate sufficient 
colonies for at least 10x coverage.  The colonies were counted and scraped into LBL plus 
carbenicillin for plasmid preparation.  To verify the diversity of any library preparation, 
we subsequently performed a plasmid-limiting transformation of the complex plasmid 
preparation into naïve DH5α using 1 ng, 100 pg, 10 pg, and 1 pg of plasmid, followed by 
plating onto selective agar.  96 clones were picked from the most plasmid-limited 
conditions and inserts were identified using the barcode region of interest.   
 
Serial Evolutionary Enrichment for Recombinases (SEER) 
To perform SEER (e.g., enrich for functional recombinases), we leveraged oligo 
recombinations to restore the coding region of a broken selectable marker followed by 
the respective selection as the mechanistic foundation for enrichment.  In E. coli, we 
have the luxury of utilizing and efficiently inactivating multiple markers, as such used 
MAGE to inactivate tolCWT, mutS::cat, and 1984000::gfp_mut3b using oligo 
recombinations, followed by asPCR screening or replica plating to isolate the inactivated 
clones.  These three inactivations generated 
EcNR2.mutS::cat_mut.tolCWT_mut.1984000::gfp_mut3b_mut, which still contained the λ 




dead-end recombination using a Δλ::zeoR PCR cassette, followed by selection on LBL 
agar plus zeocin to create a recombinase-deficient chassis for SEER in E. coli. 
After transforming the pARC8-based libraries into the naive SEER chassis, we 
induced the libraries using 0.2% L-arabinose and performed oligo recombinations to fix 
a broken selectable marker or performed a mock, water-only recombination.  We first 
fixed tolCWT_mut using tolC-r.null_revert, followed by selection in LBL + SDS, then 
fixed mutS::cat_mut using cat_CS_restore followed by selection in LBL + Cm.  These 
two oligo recombination/selection steps constitute 2 Rounds of Enrichment (RoE), but 
exhausted the opportunities for selectable recombinations in the chassis.  To continue, 
we prepared total plasmid preps from post-selection cultures after 2 RoE, and 
transformed the preparation into a naïve chassis to conduct additional RoE’s and 
facilitate convergence onto a solution.   
 
High-throughput Sequencing 
To support rapid and deep identification of recombinases, we designed a custom 
Illumina sequencing platform to leverage high-fidelity PCR to amplify the barcode 
region directly using large library size.  After the stop (TAA), we added the seed 
sequence for barcoded Illumina p7 forward adapter (GACGTGTGCTCTTCCGATCT), 
followed by two tandem 6-mer library IDs (cNNNNNNgNNNNNN), followed by the 
hybridization site for p5_alt (GATCGCCTAGACAACTCCTGA), a custom sequence 
chosen for minimal secondary structure (Kosuri et al., 2010), (Xu, Schlabach, Hannon, 




reverse adapter, supporting robust amplification with few cycles.  We amplified libraries 
with Phusion (New England Biolabs) at 100 µL scale containing genomes from 10 µL of 
post-selection culture (107-108 unique clones) for 10-16 cycles.  The expected amplicon 
size is 146 bp and follows the format 5'- 
AATGATACGGCGACCACCGAGATCTACACnnnnnnACACTCTTTCCCTCAGGA
GTTGTCTAGGCGATCcNNNNNNgNNNNNNAGATCGGAAGAGCACACGTCTG
AACTCCAGTCACnnnnnnATCTCGTATGCCGTCTTCTGCTTG-3', where nnnnnn are 
6-mer indices added in the PCR reaction (see Table S4) (Gregg et al., 2014).  We used 
magnetic bead-associated PEG to cleanup reactions (Rohland & Reich, 2012).  The 
libraries were visualized for specificity and pooled to equimolar amounts depending on 
the number of indices (unique experimental conditions) being sequenced.  We ran MiSeq 
SE50 runs using the custom read primer 
(ACACTCTTTCCCTCAGGAGTTGTCTAGGCGATC) and standard indexing primer, 
and included a 30% PhiX spike-in to mitigate sequencing of largely constant regions.  A 
diagram depicting the entire SEER workflow is included at Figure 1F. 
 
Protein Purification 
pARC8 was also leveraged for in vitro characterization and recombinant recombinase 
produciton.  After cloning via isothermal assembly (Gibson et al., 2009) and adding an 
N-terminal 6xHis tag onto candidate proteins, the vector was transformed into 
NiCo21(DE3) competent E. coli (New England Biolabs).  For protein production, 50 mL 




confluent cultures, themselves grown LBL plus chloramphenicol plus 0.2% D-glucose. 
The 50 mL cultures were grown for 6 hours at 37C in LBL + chloramphenicol, then 
induced using 0.1% L-arabinse. Cultures were spun down at 5,000 g for 10 minutes at 
4C and the pellets were snap frozen in a dry ice ethanol bath.  The pellets were thawed, 
then lysed using P-BER with Enzymes (Thermo Scientific) for 10 minutes at room 
temperature, according to the manufacturer’s instructions.  Lysates were mixed 1:1 with 
binding buffer (40 mM Imidazole, 500 nM NaCl, 50 mM Tris pH 7.4), spun down 
10mins 5,000 g 4C and the soluble fraction was added to a 20mL column  pre-loaded 
with 2 mL His GraviTrap Ni-NTA resin (GE Healthcare) that was pre-equilibrated with 
binding buffer. After binding, the columns were washed twice with 20 mL of wash 
buffer (100 mM Imidazole, 500 nM NaCl, 50 mM Tris pH 7.4), then eluted with 4 mL of 
elution buffer (500 mM Imidazole, 500 nM NaCl, 50 mM Tris pH 7.4) in 1 mL 
fractions.  We quantified protein concentration using the Qubit system (Life 
Technologies), and their stability and purity checked by SDS-PAGE (Bio-rad). The 
purest, most concentrated fractions were pooled and buffer exchanged with Zeba 
desalting columns 7K MWCO (ThermoFisher Scientific) into storage buffer (200 nM 
NaCl, 50 mM Tris pH 7.4, 1 mM DTT). Protein preps were concentrated using Amicon 
Ultra-4 10K centrifugal filters (Millipore), as needed. 
 
Oligonucleotide Quenching Assay 







GCGGCAGACTTACGCAATTCCGGGTTACTAAGGCGTGCTTGCT-3’. For the 
SSB annealing assays, the 10 nM oligo solutions with 20 nM NaCl, 1 mM DTT, 50 mM 
Tris pH 7.4 were separately incubated with 500 nM SSB or SSBΔC8 for 20 minutes at 
37C. The reactions were tracked in a Synergy H4 Hybrid Microplate Reader (Biotek) in 
half-area, low-bind black 96 well plates. The oligos were serially added to the plate, then 
the SSAP in the same buffer. 
 
Fluorescence quenching-based annealed fraction estimate: 
𝐼 = Fluorescence intensity at a given time is 
𝐼 = 𝐹!𝐼  + 𝐹!𝐼! 
Where 𝐹! = Free fraction, 𝐼! =  Free intensity, 𝐹!= Bound fraction,  𝐼! = Bound fraction. 
For a DNA annealing assay, 𝐹!  is the substrate, and 𝐹! is the product 
At 𝑡! → 𝐹! = 1,𝐹! = 0    
𝐹! + 𝐹! = 1;  𝐹! = 1− 𝐹! so  








This calculation is independent of experimental background (B)from the reader: 
𝐹! =
𝐼 − 𝐵 − (𝐼! − 𝐵)








𝐼! was estimated from the minimal steady-state fluorescence of annealed oligos in the 
presence of protein, while 𝐼!  was measured in parallel for each reaction using an 
unlabeled oligo instead for the quencher. This helped control for the variable background 
fluorescence of different protein solutions and the fluorescence decay of the FITC 
fluorophore over the time course measured. The reactions were tracked for an hour, 
measuring every 7 seconds. The naked-oligo experiments were done in a similar way, 
except no SSB was added during the pre-incubation step. Annealing and steady-state 





RESULTS AND DISCUSSION 
 
 
 Analysis of SEER Library 1 in E. coli  
Phylogenetic analyses in the literature suggest that phage-derived SSAPs belong to six 
families: redβ, erf, sak, sak4, uvsX, & gp2.5 (Lopes, Amarir-Bouhram, Faure, Petit, & 
Guerois, 2010), (Iyer, Koonin, & Aravind, 2002).  Although not phage derived, the 
Rad52 sub-family is a distantly-related, eukaryotic SSAP that arose through convergent 
evolution to facilitate eukaryotic homologous recombination (Sung, 1997), (New et al., 
1998), (Shinohara & Ogawa, 1998).  Recombinases are present in a variety of phages 
that exhibit both temperate and lytic lifestyles, and it is difficult to be sure which, if 
either, may be a more fruitful reservoir of molecular technology, thus we were 
determined to generate libraries that widely sample metagenomic space.  
To search metagenomic space, we first used an Iterated PSI-BLAST using λ β 
amino acid sequence as the query, which produced a list of 500 candidates.  From the 
initial hits, we removed β homologs from E. coli-derived phages, which were often 
identical to the query (e.g., E-value ~ 1-104).  By plotting the logarithm of the inverse of 
the E-value fit score for each candidate versus the rank score (Fig. 1B), we were able to 
visualize how the Goodness of Fit varied throughout the total list.  We were motivated to 
sample both the best candidates (e.g., 2nd decile of Rank Score in Fig. 1B), as well as 
the tail of the distribution in order to maximize the versatility of the library at the cost of 
synthesizing unrelated genes.  We identified a clear bi-modal distribution of predicted 




exhibiting amino acid lengths around that of λ β (261 AA), whereas poorer hits (beyond 
the 2nd decile) were dominated by proteins of predicted length near 500 AA, which were 
largely annotated as ABC-related ATP binding cassettes.  We moved to sample hits < 
400 AA, regardless of Goodness of Fit, which are marked in light blue over the total 










 Figure 1.  Serial Evolutionary Enrichment for Recombinases.  A. The phylogenetic 
relationship of our 195 member SSAP library, which is based off of NP_040617.1 (λ β).  
The 6 clades of phage-derived SSAPs are color coded: redβ (red); sak (yellow); erf (light 
blue); gp2.5 (light green); sak4 (purple); and uvsX (orange).  To synthesize these 
libraries we took two approaches. B,C. First, we used NP040617.1 (λ β) as a query in a 
PSI-blast. We plotted the rank score of hits from that search versus Goodness of Fit (B), 
defined as the logarithm of the inverse of the E-value score for each hit, and versus the 
predicted polypeptide length (C).  Total hits are marked in red, whereas the candidates 
included for synthesis are highlighted in light blue.  C,D.  In the second approach, we 
used a Hidden Markov Model to search non-redundant nucleotide and environmental 
metagenomic databases using NP_040617.1 (λ β), NP_930169.1 from Photorhabdus 
luminescens, Q9AKZ0 from Legionella pneumophila, Q8KQW0 from Virbio cholerae, 
Q9MBV8 from Lactococcus phage u136.2, YP_003084246.1 from Prochlorococcus 
siphovirus P-SS2, NP_815795.1 (EF2132) from Enterococcus faecalis, and 
NP_463513.1 from Listeria phage A118 as the query.  We plotted the rank score of hits 
from this search versus Goodness of Fit (D), and versus the predicted polypeptide length 
(E).  These searches resulted in 72 members from the first approach, 113 members from 
the second, and 10 members that were rationally added for a total of 195 recombinase 
homologs. F. A diagram depicting the SEER workflow for recombinase discovery.  
Briefly, a complex plasmid library bearing the recombinases to be tested were 
transformed into a reporter strain (chassis) containing a broken antibiotic resistance 
marker.  Then an oligo recombination using an oligo to fix the broken selectable marker 
is performed, and the associated selection is applied to enrich for cells that made the 
change and thus functional recombinases.  This represents 1 Round of Enrichment 
(RoE).  We carried out RoE's until we have exhausted all opportunities for selectable 
recombination in the strain, at which point the workflow can conclude or the enriched 
plasmid library can be prepared  and re-transformed into a naive chassis for additional 
RoE.  After adequate RoE (6 in E. coli), we directly PCR'd the barcode region from the 
recombinase insert with Illumina-compatible primers to prepare indexed libraries for 
deep sequencing analysis.   
 
This produced a pool of 77 novel candidates for synthesis, of which 72 were 
successfully synthesized.  Phylogenetic analysis suggested that the vast majority of these 
candidates fell into the redβ clade (0.943), save two homologs from the sak clade 
(P06778, NP005253777.1), two homologs from sak4 (YP_005321079.1, 
YP_002417106.1), and one from erf (YP_003467094.1).  As discussed in the Methods, 




or other organisms (Datta et al., 2008), (Eisen & Camerini-Otero, 1988), (Sullivan et al., 
2009).  To understand the bias that known recombinases might impart on recombinase 
discovery, we created multiple library configurations which did not contain any known 
recombinases (Library 1.1), which contained the whole library minus λ β  (Library 1.2), 
and which contained all 82 (including λ β, Library 1.3).  To perform SEER, we carried 
out 6 Rounds of Enrichment (RoE) with all three library configurations in the SEER 
chassis.  After 6 RoE, we plated clones to identify homologs by low-throughput Sanger 
sequencing.   
Sequencing showed that inclusion of known recombinases did dramatically alter 
the solution at the 6th RoE (Fig. 2A), though the coarse distribution of recombinases was 
surprisingly unchanged with or without λ β (Fig. 2A, compare 1.2 versus 1.3), thus the 
gold standard for recombineering in E. coli did not emerge as a solution to an unbiased 
library approach to recombinase discovery in E. coli.  To investigate this finding, we 
assembled the candidate 'winners' from Library 1.2/1.3 (NP_930169.1 from 
Photorhabdus luminescens, Q9AKZ0 from Legionella pneumophila, Q8KQW0 from 
Vibrio cholerae), along with NP_040617.1 (λ β), and two poorly-functional control 
recombinases from Library 1.1 (YP_003993926.1 from Halanaerobium 
hydrogeniformans, NP_815795.1 from Enterococcus faecalis) for direct quantification 
of allele recombination frequency (Fig. 2B).  These experiments confirmed taht 
Q8KQW0 from Vibrio cholerae performed statistically significantly better at oligo 
recombination in E. coli (0.20 ± 0.04, mean ± SEM, **p = 0.008 vs. NP_040617.1 [λ β]) 




& Q9AKZ0 (0.13 ± 0.03, p = 0.116) were statistically equivalent to λ β, suggesting 
multiple potential alternatives to λ β in E. coli.  These findings quantitatively contrast 
previous work (Datta et al., 2008) where these particular recombinases performed 
significantly worse than λ β at oligo recombination in E. coli.  Moreover, the same study 
showed that NP_815795.1 from Enterococcus faecalis performed slightly better than λ β 
in single test oligo recombinations at the galK locus, whereas in our hand this 
recombinase is around 1 log worse (Fig. 2B, dark gray squares).  We cannot completely 
reconcile these differences, but suggest that locus-to-locus variability (tolC on + strand 
at Chr. 3,176,137 here, versus galK on - strand at Chr. 789,202 in (Datta et al., 2008)) 
and oligo length (90-mer’s here, versus 70-mer's in (Datta et al., 2008)) could underlie 
some of these differences.  Finally, we’d like to point out that since the variance in these 
assays is quite high, we have found it constructive to conduct multiple biological 





Figure 2.  Results of Recombinase Discovery using SEER in E. coli.  Using 
the first library (72+10 recombinases), we prepared multiple library configurations 
including Library 1.1 (72 recombinases of unknown function), Library 1.2 (1.1 + 9 
recombinases known to function to varying degrees in E. coli), and Library 1.3 (1.2 + λ 
β).  We conducted SEER with these 3 library configurations.  A. After 6 RoE, we 
quantified the frequencies of abundant SSAPs by Sanger sequencing of their 
corresponding barcodes from 48 clones.  Notably, NP_040617.1 (λ β) did not 'win' in 
Library 1.3.  B. We characterized the Allele Recombination (AR) Frequency of the most 
abundant SSAPs from (A) using a selectable recombination to fix tolC using tolC-
r.null_revert.  The data are presented as mean ± Std. Error of the Mean with the scatter 
plotted and color coded to match (A).  These data are the result of at least 4 biological 
replicates.  C. We tested the toxicity of SSAPs from (A) and (B) using kinetic growth 
assays with (+L-Ara) and without L-arabinose (-L-Ara) induction.  We included two 
negative controls, pARC8.GFP and empty pARC8.  We distilled growth kinetics into 
doubling time as calculated previously (Lajoie et al., 2013).  These data are the result of 
3 biological replicates and are color coded to match (A) and (B). 
 
Next, we were interested to see if these candidates were undesirable from a 
toxicity standpoint.   To test this, we setup kinetic growth assays of the candidates with 
and without L-arabinose induction.  We calculated doubling time and present the data as 
the change without (‘-L-ara’) with (‘+L-ara’) arabinose (Fig. 2C).  We included two 
negative controls that would not be expected to increase doubling time upon induction, 
pARC8.GFP (empty black circles) and an empty pARC8 vector (filled black circles).  
We can see that these pARC8 variants don’t exhibit wildly different doubling times 
without arabinose (51.8 ± 5.7 minutes, min: 40.5 ± 0.5 minutes for GFP; max: 60.8 ± 2.3 
minutes fpr NP_040617.1 [λ β]), but do exhibit slower growth with arabinose (Fig. 2C).  
Interestingly, candidates that support the highest recombination rate (λ β included, Fig. 
2B) also exhibit the slowest doubling times upon induction (see squares), whereas less 
functional recombinases led to more modest increases in doubling time, and negative 




toxicity is accepted for robust recombination rates, and that the candidates identified 
offer here gold-standard-like performance (Fig. 2B) with acceptable toxicity (Fig. 2C).  
 
Deep Sequencing Analysis of SEER Library 2 in E. coli  
Given this proof of concept (Fig. 2), we sought to create a more powerful 
resource for recombinase discovery in non-standard model organisms.  To do this, we 
recognized that Library 1.3 did not adequately address the phylogenetic diversity of 
phage-based SSAP's.  To sample the entirety of metagenomic space, we turned to a 
Hidden Markov Model-based search strategy using multiple known recombinases to 
generate the position matrix with which to search nucleotide databases (see Methods).  
This search returned ~2,500 candidates, that exhibited similar Goodness of Fit (Fig. 1D) 
and Polypeptide Length relationships (Fig. 1E) as the first library.  Again, we removed 
E. coli homologs, focused on genes less than 400 amino acids, and sampled the 
remaining distribution from the top 4 quintiles.  Before synthesis, we removed 
redundancy (defined as >98% amino acid identity) and were left with a second library of 
120 unique members, of which 113 were successfully synthesized using the same 
synthon design as Library 1.  We combined this new library (n = 113) with Library 1.3 
(n = 82) to generate Library 2 (n = 195).  A phylogenetic analysis is presented to show 
the diversity of SSAP clades covered by this new, expansive  library (Fig. 1A).  
Although Library 1.3 was heavily populated by members of redβ (0.943), the new 
library (n = 113) has more balanced representation of all clades: redβ (0.400); erf 




After complex assembly and verification of diversity, we transformed Library 2 
and began SEER in E. coli.  After the 6th RoE, we leveraged PCR to amplify 
recombinase barcodes from 1E7 cells before the first, and after each, RoE.  We 
amplified the barcode region using indexed primers and sequenced using an Illumina 
MiSew (see Methods).  After de-multiplexing and mapping, between 90.7 and 94.8% of 
raw reads corresponding to each RoE identically mapped to a recombinase barcode, 
resulting in a minimum read depth of 3.4E5 reads (see the 2nd RoE in Fig. 3B).  Across 
all RoE, we were able to identify every recombinase at least once throughout the 





Figure 3.  Deep Sequencing Analysis of SEER in E. coli using Library 2 (n = 195).  
A. We sequnced the population of recombinases at each step of SEER, included before 
any enrichment (0 RoE).  We plotted the population distribution of unique members as a 
stack plot with RoE on the x-axis.  Over subsequent RoE, the population diversity of this 
SEER linage drops as the system converges on a solution.  B.  A plot showing the 
number of reads that mapped to a unique recombinase as a function of RoE, used to 
generate the plot shown in (A).  C. A plot showing the population distribution of each 
recombinase clade as a function of RoE: redβ (red); sak (yellow); erf (light blue); gp2.5 
(light green); sak4 (purple); and uvsX (orange).  D. A plot showing the number of 
unique library members identified as a function of RoE.  Each unique member is colored 
by it's clade, as in (B), and stacked on top of eachother to convey the total number of 
unique SSAPs identified at each RoE. 
 
We identified 193 of 195 total recombinases in the pre-SEER (0th RoE) 
population, accurately reflecting the expected distribution of the clades in this library 
(Figure 1C, 1D, far left): redβ (0.63); erf (0.12); gp2.5 (0.07); sak (0.07); sak4 (0.09); 
and uvsX (0.2).  There is notable skew in the population of library members, including 
the most abundant 31 recombinases (top 16%) accounting for 69% of the total reads, 
confirming significant assembly bias of some members over others.  Over-abundant 
members included ZP_03935819.1_12 (0.100 of total reads), YP_950640_20 (0.062), 
EHN141107.1 (0.044), NP_040617.1 (λ β itself, 0.033), and two others greater than 0.03 
frequency of total.  Despite this skew, only 3/31 over-abundant recombinases emerged 
from the 6th RoE with a frequency of greater than 0.001: ZP_03935819.1_12 (redβ 
clade), 0.112; YP_001552302 (erf clade), 0.009; and NP_040617.1 (λ β itself), 0.005.  
These results underscore that significant assembly bias can be tolerated by the power of 
serial enrichment workflows.   
Throughout the SEER workflow, the population diversity dropped from 193 at 




monotonically.  Sampling bias in the 4th RoE (1.82E6 total reads) provided extra depth 
to identify 12 additional recombinases over those identified in reads from the 3rd RoE 
(0.52E6 total reads).  Notably, 32 of the recombinases identified in the 4th RoE occurred 
below the frequency of detection of the 3rd RoE (1.91E-6), thus it is feasible to conclude 
that population diversity monotonically decreases with more RoE.  Finally, relative clade 
abundance shifts in favor of redβ (Fig. 3C), whose members account for 0.639 of all 
reads at the 0th RoE and 0.840 of total at both the 5th and 6th RoE.  At the 6th RoE, the 
erf clade accounts for 0.109 of total diversity, while sak4 (0.036) and gp2.5 (0.018) are 
also detected.  Members of the uvsX clade are not detected after the 4th RoE, though at 
least 2 members were detected before that point, and were likely removed from the 
population by a sporadic spike in NP_040617.1 (λ β) abundance (0.645) at the 4th RoE.  
The abundance of NP_040617.1 (λ β) throughout the workflow (0.033, 0.017, 0.074, 
0.010, 0.645, 0.033, 0.005, and Table 1) reflects this stark spike, however the population 
diversity doesn't reflect a bottleneck as diversity doesn't drop dramatically at the 4th RoE 
(Fig. 3D). 
Table 1.  Frequency of 'Winner' Recombinases in Library 2 throughout SEER 
Workflow.  These data are sorted by the frequency at 6  RoE from largest to smallest.  
This is a subset of Table S1, including only the top 25 most abundant recombinases at 




Frequency of Recombinase in Population at Indicated RoE 























































































































































































































































































































































































In terms of sheer abundance after the 6th RoE, the clear “winners” were three 
redβ homologs, themselves accounting for 0.960 of all mapped reads: ZP_07797103.1 
from Pseudomonas aeruginosa 39016, 0.556; ZP_09377516.1 from Hafnia alvei ATCC 
51873, 0.292; and ZP_03935819.1 from Corynebacterium striatum ATCC 6940, 0.112 
(Fig. 3A, Table 1, & Table S1).  Using a phylogenetic analysis of the entire library (Fig. 
1A), we computed pair-wise comparisons of all members based on the branch length of 
the Newick string.  This showed that these 3 winners were in the 1st, 6th, and 6th closest 
deciles to NP_0406171.1 (λ β), highlighting the unpredictable nature of choosing 
candidate recombinases based on identity.  Interestingly, the 6th, 7th, and 9th-most 
abundant recombinases at the 6th RoE (Table 1) were Q8KQW0 from Vibrio cholerae 
(0.009), NP_040617.1 (λ β, 0.009), and Q9AKZ0 from Legionella pneumophila (0.005), 
corroborating results of SEER using Library 1.3 (Fig. 2A), and suggesting that 'winners' 
from Library 2 may be equivalent or even better than λ β and/or Q8KQW0.   
On the other hand, enrichment factor (defined as freqn / freq0 at nth RoE) is 
another way to consider relative performance that is less subject to skew at the 0th RoE 
(Table 2 & Table S2).  At the 6th RoE, only 6 recombinases exhibited enrichment 
factors greater than 1.0 (Table 2), led by winners ZP_09377516.1 (170.1-fold) and 
ZP_07797103.1 (91.6-fold) that were the #2 and #1 most abundant recombinases at the 
6th RoE.  Also exhibiting enrichment factors > 1 at the 6th RoE were Q8KQW0 (34.6-
fold), Q9AKZ0 (2.80-fold), and newcomer ZP_08900554.1 from Gluconacetobacter 
oboediens 174Bp2 (3.53-fold).  Enrichment factor at the 6th RoE is subject to complex 




example, ZP_03935819.1, the most over-abundant recombinase in the starting pool 
(0.100) and the 3rd-most abundant recombinase at the end RoE (0.112), really 
maintained its abundance through 6, suggesting that this candidate exhibited average 
performance within the context of the library.  Thus, we also present enrichment factor 
after the 1st RoE (Table 3 & Table S3), which should be less subject to propagation 
biases, but more so to stochastic uncertainty.  Here, only 16.6% of the pool expanded 
after one round, but eight candidates increased by at least 10-fold.  However few 
persisted over all RoE, setting the stage for three predators to dominate the population 
throughout the course of the experiemnt.  Not surprisingly, ZP_09377516.1 from Hafnia 
alvei, Q8KQW0 from Vibrio cholerae, & ZP_07797103.1 from Pseudomonas 
aeruginosa performed like sustained 'winners'.  Two erf members, YP_001552302 from 
a Thalassaomonas phage, and YP_08900554.1 from an Enterobacter phage, start strong 
before petering out in the face of many redβ competitors.  These results offer a wealth of 
potential recombinase that could be leveraged in E. coli, but more importantly offer a 
representative workflow for recombinase discovery in non-standard model organisms.   
Table 2. Enrichment Factor (ROE 6) of Recombinases from Library 2.  Here, 
enrichment factor is calculated as freqn/freq0, where n is the RoE.  These data are sorted 
by the enrichment factor from the 6th RoE, from largest to smallest.  This table is a 
subset of Table S2, showing only recombinases where enrichment factor > 1. 
Accession ID Clade 
Enrichment Factor (count(n) /count(0) at Indicated n 
0 1 2 3 4 5 6 
ZP_09377516.1 redB 1 38.09 86.42 109.08 43.91 75.79 170.12 
ZP_07797103.1 redB 1 14.36 41.59 81.79 33.16 106.40 91.65 
Q8KQW0 redB 1 17.04 64.29 46.95 24.99 48.42 34.64 
ZP_08900554.1 redB 1 25.62 36.48 27.00 4.18 5.46 3.53 
Q9AKZ0 redB 1 33.91 52.35 29.94 6.61 8.14 2.80 




YP_001552302 erf 1 14.35 12.71 4.67 0.69 1.09 0.88 
YP_003010343.1 redB 1 0 1.13 0.73 0.63 0 0.67 
ZP_04808991.1 redB 1 1.82 1.73 0.78 0.38 0.43 0.66 
NP_040617.1 redB 1 0.51 2.24 0.32 19.58 1.01 0.15 
 
Table 3. Enrichment Factor (ROE 1) of Recombinases from Library 2.  Here, 
enrichment factor is calculated as freqn/freq0, where n is the RoE.  These data are sorted 
by the enrichment factor from the 1st RoE, from largest to smallest.  This table is a 
subset of Table S3, showing only recombinases where enrichment factor > 1. 
Accession ID Clade 
Enrichment Factor (freq(n) / freq(0) at Indicated n 
0 1 2 3 4 5 6 
ZP_09377516.1 redB 1 38.10 86.40 109.00 43.90 75.80 170.00 
Q9AKZ0 redB 1 33.90 52.40 29.90 6.61 8.14 2.80 
ZP_08900554.1 redB 1 25.60 36.50 27.00 4.18 5.46 3.53 
YP_001285543 erf 1 22.30 3.10 2.07 0.06 0.05 0 
Q8KQW0 redB 1 17.00 64.30 47.00 25.00 48.40 34.60 
ZP_07797103.1 redB 1 14.40 41.60 81.80 33.20 106.00 91.70 
YP_001552302 erf 1 14.40 12.70 4.67 0.69 1.09 0.88 
ZP_08564335.1 redB 1 13.80 5.91 0.82 0.06 0.01 0 
NP_815795.1 redB 1 4.83 2.77 0.22 0.04 0 0.01 
YP_003150705.1 redB 1 3.71 1.89 0.18 0.01 0 0 
ZP_07463816.1 redB 1 3.35 0.58 0.27 0.02 0.02 0.01 
YP_004875641.1 redB 1 3.27 0.65 0.05 0 0 0 
NP_463513.1 redB 1 2.51 0.50 0.01 0.01 0 0 
ZP_03706978.1 redB 1 2.04 0.24 0.01 0 0 0 
ZP_04808991.1 redB 1 1.82 1.73 0.78 0.38 0.43 0.66 
YP_002233655.1 redB 1 1.72 0.34 0.02 0 0 0 
YP_001285915 erf 1 1.66 0.16 0.02 0 0 0 
NP_076707 redB 1 1.60 0.20 0.05 0 0 0 
ZP_01947910.1 redB 1 1.54 1.76 0.55 0.49 0.11 0.13 
YP_002995484.1 redB 1 1.48 0.11 0.01 0 0 0 
YP_003084246.1 redB 1 1.46 0.28 0 0.05 0 0 
YP_001293439 sak4 1 1.22 0.25 0.01 0 0 0 
NP_455496.1 redB 1 1.21 0.27 0.02 0.13 0.01 0 
YP_001409109.1 redB 1 1.19 2.26 0 10.90 1.54 0 
YP_004479394.1 redB 1 1.03 0.75 0 0 0.04 0 
 
 




To understand more about the biochemical mechanisms of recombination, we developed 
an in vitro oligo annealing assay containing two complementary 90mer oligos, one with 
a 3’-Fluorescein and the other with a 5’-Iowa Black FQ dark quencher (Fig. 4A).  Upon 
mixing and incubating at 37C, annealing reduced fluorescence over time.  Annealing 
kinetics of the oligos is thus a platform with which the contributions of λ β or other 
SSAPs can be tested.  To facilitate affinity purification, we added an N-terminal 6xHis 
tag and verified the tag had no effect in its oligo recombination activity in E. coli (Fig. 
4SA).  As expected based on previous work, λ β facilitates annealing in a Mg2+-






Figure 4.  Beta interacts with SSB in a Mg2+-dependent reaction.  A. A diagram 
showing our fluorsent oligo quenching assay.  Briefly, two complementary oligos with 
compatible FITC fluorophore and quencher anneal, and lead to a decay in the 
fluorescence intensity that can be tracked over time (1). Thus, fluorescence intensity will 
be proportional to the amount of starting substrate, while the remaining fraction will be 
the annealed product.  If the oligos are coated with SSB prior mixing, they will be 
prevented from annealing unless additional factors are able to remove the inhibition (2).  
The follwing traces are representative examples of an experiment that was carried out at 
least 4 times.  B. Representative data from the assay described in (A).  Here, we can see 
the typical annealing kinetics of complementary oligos incubated with λ β in 10 mM 
MgCl2 (blue curve), complementary oligos pre-coated with SSB before mixing in 10 
mM MgCl2 (red curve), and complementary oligos pre-coated with SSB before mixing 
then incubated with λ β in 10 mM MgCl2 (green curve).  C. A plot showing the steady 
state annealed fraction of SSB-coated oligos inubated with varying amounts of λ β 
protein, from 90 nM to 5 µM.  The relationship is fit well by a Hill curve (R2 = 0.98) 
with a slow of 2.3, suggesting significant cooperativity.  D.  A plot showing the Mg2+-
dependence of λ β ability to overcome the SSB inhibition of complementary oligo 
annealing, consistent with the Mg2+ requirement of λ β to oligomerize and function in 
vitro.  E. To confirm that λ β interaction with SSB is dependent on Mg2+, we present the 
annealing kinetics of SSB-coated complementary oligos incubated with λ β in the 
presence of 10 mM MgCl2 (red curve) and 1 mM EDTA (orange curve), a cation 
chelator that significantly reduced β-mediated annealing activity.  We further tested the 
interaction between λ β  and SSB by deleting the last eight C-terminal amino acids 
(SSB∆C8, blue curve) which also demonstrated no β-mediated annealing activity.  F. A 
clustal Ω alignment of SSB's from Vibrio cholerae, Legionella pneumophila, 
Photorhabdus luminescens, Enterococcus faecalis, Staphylococcus aureus, Lactococcus 
reuteri, Corynebacterium glutamicum, and Halanaerobium hydrogeniformans.  Above 
the alignment tracks for each protein, we have also included the 'Identity' track to help 
gauge consevation among this subset, as well as the 'Consensus' track above that to 





λ β Facilitate Annealing of SSB-coated Oligonucleotides in vitro 
Single stranded DNA binding proteins, like SSB, protect ssDNA that is denatured during 
genome replication.  Once bound, SSB inhibits complementary annealing (Weinert & 
Rio, 2007), until it is removed by the replisome (e.g., RecO) or other interaction 
partners.  Given that λ β optimally recombines lagging-targeting, rather than leading-
targeting, oligos, and given the role of SSB in coating ssDNA during replication, we 
hypothesized that an SSAP-SSB interaction represent a host-specific interaction node 
through which the SSAP interacts with the host system to facilitate recombination. 
To test the hypothesis that λ β directly interacts with SSB, we setup the in vitro 
oligo quenching assay using oligos pre-coated with SSB.  In the absence of λ β, we find 
that SSB-coated oligos support negligible annealing (Fig. 4B, red curve), corroborating 
previous results (Weinert & Rio, 2007).  However, λ β can overcome SSB pre-coating to 
facilitate annealing (t0.5 = 450 sec, Fig. 4B, green curve).  We then calculated the 
relationship between the steady state annealed fraction using constant SSB and 
increasing λ β from 90 nM to 5 µM (Fig. 4C).  This relationship was fit well by a Hill 
curve (R2 = 0.98) with a slope of 2.3, suggesting significant cooperativity of λ β 
oligomerization in facilitating annealing of SSB-coated oligos.   
Since, λ β requires Mg2+ for oligomerization, and thus efficient ssDNA binding 
(Mythili et al., 1996), we quantified the role of Mg2+ on annealing of SSB-coated 
oligos.  As expected, λ β facilitates annealing of SSB-coated oligos in a Mg2+- 




annealing kinetics require Mg2+ (10 mM in Fig. 4E, red curve) to displace SSB, and that 
chelation of Mg2+ using EDTA abolishes the ability of λ β to anneal SSB-coated oligos 
(Fig. 4E, orange curve).  To further confirm the λ β-SSB interaction, we tested the 
effects of deleting eight, C-terminal amino acids (DFDDDIPF) of SSB (SSBΔC8), 
previously shown to be dispensable for ssDNA binding, but essential for its interaction 
with other proteins (Curth et al., 1996), (Shereda et al., 2008), and essential in vivo 
(Curth et al., 1996).  Interestingly, λ β is no longer able to facilitate annealing of oligos 
that were pre-coated with SSBΔC8 (Fig. 4E, blue curve), suggesting that similar to other 
SSB-interacting proteins, λ β’s interaction with SSB requires the SSB C-terminus. 
This observation led us to examine SSB C-termini from E. coli and other related 
model organisms.  To visualize patterns of conservation, we aligned SSB from Vibrio 
cholerae, Legionella pneumophila, Photorhabdus luminescens, Enterococcus faecalis, 
Staphylococcus aureus, Lactococcus reuteri, Corynebacterium glutamicum, and 
Halanaerobium hydrogeniformans using ClustalΩ (Sievers et al., 2011) (Fig. 
4F).  Strong N-terminal conservation is consistent with the N-terminal ssDNA binding 
domain supporting the basic function of SSB and belies the essentiality of these 
proteins.  Interestingly, the C-terminal third of the protein is quite divergent (note 
'Identity' track above alignment in Fig. 4F).  The role of the C-terminus in dictating the 
host tropism of SSB with its cognate interaction partners (Kantake et al., 2002), (Sung, 
1997) supports the idea that this divergence is functional, and suggests SSB interaction 




SSAP's must also engage this species-specific motif to interact with the host replication 
machinery in the recombination process. 
 
C-terminal Point Mutants Exhibit Loss-of-Function Phenotypes in vitro & in vivo 
We then moved on to test if the C-terminus of λ β mediated the interaction between the 
analogous proteins and SSB. To do this, we serially truncated the 266 amino acid 
protein, generating fragments 1-245, 1-228, 1-211, 1-194 and 1-177, which is the 
smallest fragment previously found to be sufficient for DNA binding (Wu et al., 
2006).  Whereas full-length λ β is capable of achieving oligo recombinations at high 
frequencies (0.0848 in Fig. 5A), the smallest C-terminal truncation tested here (β1-245) 
decreased function at least ~77-fold (β1-245, Fig. 5A), and larger serial truncations 
exhibit similar loss-of-function phenotypes. To further interrogate the C-terminus of λ β, 
we mutated K, R, & F amino acids to alanine and tested these variants in oligo 
recombination.  These mutations were chosen because similar substitution of basic and 
aromatic amino acids ablate the RecO-SSB interaction (Ryzhikov et al., 2011). Some of 
the mutations severely reduced recombination frequencies, especially R192A, K214A, & 
F228A (Fig. 5B).  As expected, a negative control mutant K172A, previously shown to 





Figure 5.  Characterizing the C-terminal of Beta.  A. In order to test the λ β mediated 
interactions between SSAPs and SSB, the C-terminus of λ β protein was serially 
truncated into various fragments (177, 194, 211, 228, 245 amino acids, where 266 is 
wildtype).  These variants were expressed on pARC8 and transformed into the SEER 
chassis to measure GFP reversion using GFP.r2_revert, followed by flow cytometric 
analysis of the GFP+ population (reported as %AR).  B. Same as in (A), but using single 
nucleotide variants of λ β.  C, D. Plots showing the annealing kinetics of a subset of 
these mutants: wildtpye (red); truncation mutant β1-194 (orange); point mutants 
βK192A (blue); βK214A (green); βK172A (yellow); and no protein (purple).  Kinetic 
experiments were run with 0 (C) and 10 mM Mg2+ (D).  E, F. Wildtype and C-terminal 
mutants of λ β were compared in their ability to overcome SSB inhibition and facilitate 
annealing of SSB-coated oligos, in the presence of 10mM MgCl2 (E), or in 10 mM 
MgCl2 plus 1 mM EDTA (F).  Notably, the same mutants that show a loss-of-function in 
vivo (A, B), show a loss-of-function in overcoming SSB inhibition of annealing (E), 
whereas the Mg-dependence of the core result is confirmed (F).  These traces are 





The mutation screen revealed that single amino acid substitutions in the C-
terminus of λ β had dramatic functional consequences for oligo recombination 
frequencies in vivo, thus we further characterized annealing phenotypes in vitro (Fig 5C, 
5D).  Out of the five truncations tested in vivo, only β1-194 was stable in affinity 
purification, whereas purification of the alanine point mutants was trivial (Fig. 5SA).  In 
the absence of Mg2+, all variants phenocopied λ β (Fig. 5C, red curve), suggesting their 
ssDNA binding activity was unaffected by these mutations.  Surprisingly in 10mM 
Mg2+, all variants showed reduced annealing (Fig. 5D) with the 1-194 truncation and all 
the point mutants showing slower annealing than wildtype.  In the absence of Mg2+, the 
K172A mutation (Fig. 5D, yellow curve) had no effect on DNA annealing when 
compared to the no protein control (Fig. 5D, purple curve), however in the presence of 
Mg2+ it inhibited annealing, similar to the 1-177 fragment and the other point mutants. 
Thus, the C-terminus of λ β is only important for DNA annealing at high Mg2+. 
Mg2+ inhibits the strand annealing activity of λ β, and deleting its C-terminal or 
disrupting it with single amino acid substitutions exacerbates this inhibition.  Since Mg2+ 
is required for λ β to anneal SSB-coated oligos, we hypothesize the C-terminal mutations 
will alter a putative λ β-SSB interaction. Compared to WT, the 1-194 truncation is 
unable to break the SSB inhibition, behaving very similarly to the SSB-only control (Fig. 
5E, compare orange to purple curves).  The K172A, positive control DNA-binding 
domain mutation is also unable to anneal SSB coated oligos, which suggests that these 
recombinases unload SSB from ssDNA in the process of facilitating annealing and do 




(K192A & K214A) that showed severe loss-of-function phenotypes in vivo (Fig. 5B) 
also showed severe loss-of-function phenotypes in annealing of SSB-coated oligos in 
vitro (Fig. 5E, blue and green curves), suggestive of an in vitro biochemical signature 
indicative of in vivo function.  Taken together these results suggest that λ β displaces 
SSB form ssDNA to facilitate annealing and that the C-terminus of λ β plays a 
significant role in this proposed interaction. 
 
Porting a Species-matched Heterologous SSB Enables Gain of Recombinase 
Function in E. coli 
Based on the in vitro data above (Fig. 5), we hypothesized that the unpredictable 
species tropism evinced an SSAP is based on its ability to engage and unload SSB from 
ssDNA in a given model organism.  To extend this hypothesis in vivo, we tested if 
foreign SSAPs would show a gain of function when they were co-expressed with a 
phylogenetically-matched SSB homolog.  To test this in E. coli, we used the SEER 
chassis strain, which is recombination deficient and carries broken selectable/screenable.  
We then generated an inducible, bi-cistronic vector to express a candidate SSAP and 
either a matched or mismatched SSB.  As candidates, we selected SSAPs and SSBs from 
E. coli, Lactobacillus reuteri reuteri (J.-P. van Pijkeren & Britton, 2012), and 
Corynebacterium glutamicum (Binder et al., 2013), which are all known to enable 
recombineering in their respective host organisms.  To facilitate bi-cistronic expression 
of both ORFs in our pARC8-based vector, we added an RBS-containing motif 




aadA coding region, which confers spectinomycin resistance.  This plasmid conferred 
spectinomycin resistance in the presence of 0.2% L-arabinose, albeit supporting growth 
rates that were significantly slower than chromosomal, monocistronic expression of an 
aadA cassette (Fig. 6A).   
 
 
Figure 6. Co-expression of Species-matched SSAP-SSB Pairs Enable Gain of 
Recombinase Function.  A.  To test the plausibility of bi-cistronic expression in our L-
arabinose-based inducible pARC8 vector, we synthesized a vector that conferred both λ 
β and a spectinomycin resistance and tested the growth of that construct under inducing 
conditions.  Ecnr2 is the positive control in which the addition of arabinose produces no 
difference than with spectinomycin alone. The Beta.Spec bi-cistronic vector grows in the 
presence of arabinose (dark blue curve) shows increased expression than when it is 
simply induced with spec, alone.   B. Given (A), we constructed bi-cistronic variants 
containing the indicated SSAP and the indicated SSB.  We transformed these plasmid 




fix tolC, and quantified Allele Recombination (AR) Frequency as the number of colonies 
on selective media (SDS) divided by the number of colonies on non-selective media 
(carb).  These data are presented as the mean AR Frequency and the error bars indicate 
the Std. Error of the Mean, and are the result of at least 4 biological replicates.  Here, Lr 
= L. reuteri (light gray), Cg = C. glutamicum (dark gray), Ec = E. coli (white).  The 
black column indicates the frequency of AR frequency of recombinase-deficient clones 
electroporated with the same oligos (background). 
 
We then constructed pARC8 variants containing SSAPs only, properly matched 
SSAP/SSB pairs (e.g., λ β_EcSSB, Lr.recT1_LrSSB, or Cg.recT_CgSSB), or 
mismatched SSAP/SSB pairs (e.g., Lr.recT1_CgSSB, or Cg.recT_LrSSB).  We then 
induced using 0.2% L-arabinose and performed oligo recombinations to quantify AR 
Frequency (Fig. 6B).  Background (no plasmid) AR frequency was measured at 2.51E-5 
± 1.48E-5 in E. coli, whereas λ β supported AR frequencies of 1.79E-1 ± 1.29E-1 (mean 
± std. dev., **p < 0.01, pARC8.λβ vs. background), consistent with a ~1E4-fold 
increase, similar to that seen previously using λ Red in E. coli (Ellis et al., 2001).  Bi-
cistronic expression of E. coli SSB did not have a significant effect on fitness or on AR 
frequency (0.90E-1 ± 0.68E-1, p = 0.20, pARC8.λβ vs. pARC8.λβ_EcSSB).  Although 
we would predict that maximal over-expression of a heterologous SSB (LrSSB or 
CgSSB) would lead to toxicity, bi-cistronic overexpression using this system did not 
have any apparent effect on fitness in E. coli, suggesting that their expression is 
tolerated, at least at this level. 
L. reuteri recT1 supported only a 15-fold increase in recombination rate over 
background in E. coli (3.13E-4 ± 2.10E-4, p = ns pARC8.LrrecT1 vs background).  




(3.00E-3 ± 2.09E-3, *p < 0.05 pARC8.LrrecT1_LrSSB vs pARC8.LrrecT1).  A foreign 
SSB (pARC8.LrrecT1_CgSSB) did not support this gain of function phenotype (4.96E-4 
± 2.95E-4, p = ns, pARC8.LrrecT1_CgSSB vs pARc8.LrrecT1), nor did co-expressing 
E. coli SSB (data not shown), suggesting that a functional relationship must be 
maintained between recombinase and SSB in the context of the host organism.  The 
pattern was maintained with C. glutamicum recT.  Although C. glut recT supported 1E3-
fold increase in recombination rates over background (2.64E-2 ± 1.18E-2), pairing the 
cognate SSB increased AR frequencies another ~10-fold to 2.45E-1 ± 8.68E-2 (*p < 
0.05, pARC8.CgrecT_CgSSB vs pARC8.CgrecT), whereas a foreign SSB 
(pARC8.CgrecT_LrSSB) does not support any gain-of-function (4.40E-2 ± 2.40E-2, p = 
ns, pARC8.CgrecT_LrSSB vs pARC8.CgrecT).  These data suggest that while SSB 
enables a gain of function phenotype in recombination, the magnitude of the gain is 







 In this work, we present a resource to facilitate recombinase discovery in 
non-standard model organisms, as well as work to mechanistically interrogate the 
recombination reaction.  λ β, the prototypical SSAP, enables high frequency oligo 
recombination in E. coli, however the exact mechanism by which it acts is unclear.  
Through purification and in vitro characterization, we were able to implicate the C-
terminus of λ β as important for recombination, possibly to meditate a protein-protein 
interaction with a member of the host replication machinery.  Although this domain is 
not required for DNA binding in vitro, we found that truncations and single amino acid 
substitutions dramatically decrease oligo recombination activity in vivo.  
We hypothesized that SSAP's exhibit restricted species tropism due to a species-
specific interaction partner.  We identified SSB as a putative interaction partner in vitro 
as λ β is able to facilitate annealing of SSB-coated oligos, which will not anneal alone 
once coated with SSB.  λ β point and truncation mutants, which exhibit loss-of-function 
phenoytypes in vivo, show no capacity for annealing SSB-coated oligos, suggesting that 
proper function of the SSAP C-terminus is required for the λ β-SSB interaction.  In 
addition, we also show that the λ β-SSB interaction requires the extreme C-terminus of 
SSB, suggesting this interaction is likely to be a species-specific protein-protein 
interaction and not just direct competition for DNA binding.   
To lend support to these observations, we predicted a gain of function phentoype 




host.  To test this, we chose SSAPs and SSBs from L. reuteri, C. glutamicum, and E. 
coli, and showed that SSAPs function at least 10-fold better when co-expressed with a 
cognate SSB pair.  This finding could be instrumental in future efforts, as matched 
SSAP-SSB pairs could represent the minimally functional set required to port 
recombineering into non-standard model organisms.   
 While it is tantalizing to consider a one-size-fits-all solution, it is more likely that 
the recombinase library and serial enrichment strategy presented here (SEER) will prove 
invaluable for recombinase discovery in non-standard model organisms.  As 
deomonstrated in E. coli, where the standard is already quite high, we were able to 
identify candidates that were significantly better than λ β in head-to-head testing, as well 
as still others that will require further implementation and characterization. 
With SEER, we have strived to design and test a generalizable system for serial 
enrichment and high-throughput sequencing analysis in a recombinase discovery 
workflow.  However, SEER in a new model organism still requires at least two 
selectable markers (one for plasmid maintenance, and one for the serial enrichment), 
plasmids, and (preferably) an inducible promoter system.  Theoretically it is possible to 
envision SEER in systems lacking episomal expression systems, but would require 
generating a high coverage library of chromosomal insertion mutants, presumably in 
intractable model organisms.  
In the future, it is likely that these two strategies could be used together.  For 
example, SEER could identify a candidate recombinase that functions somewhat in a 




implemented to further increase recombination rates.  The divergence and modularity of 
the SSB C-terminus also offers the opportunity to tailor a host's SSB to interact with a 
recombinase of interest to uncover the gain of function recombineering phenotype, 
though presumably at the expense of endogenous interactions.  Finally, a library-on-
library approach, which pairs a metagenomic SSB library with an SSAP library like the 
one presented here, could be pursued increase the combinatorial space to explore SSAP-









Figure 4S. A. 6x-His tag on the N-terminus does not affect the recombination function 
of the λ β protein. B. A representative Coomassie stained SDS-PAGE gels showing the 
purity of Ni-NTA purified recombinant protein preps used in assays presented in Figure 
4.  Deletion of the last 8 amino acids in the C-terminal of the SSB doesn't not affect 
protein stability or affinity purification conditions, which allowed us to confirm the λ β-





Figure 5SA.  Purified Recombinant Protein Preps. A. A representative Coomassie 
stained SDS-PAGE gels showing the purity of Ni-NTA purified recombinant protein 
preps used in assays presented in Figure 5.  B1-266 represents WT beta, B1-194 is a 
truncation of the C-terminus, whereas the six right-most lanes are single nucleotide 




SUPPLEMENTAL TABLE 1.  Frequency of All Recombinases in Library 2 
throughout SEER Workflow.  These data are sorted by the frequency at 6  RoE from 





Frequency of Recombinase in Population at Indicated 
RoE 
0 1 2 3 4 5 6 
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SUPPLEMENTAL TABLE 2.  Enrichment Factor (ROE  6) of All Recombinases in 
Library 2 throughout SEER Workflow.  Here, enrichment factor is calculated as 
freqn/freq0, where n is the RoE.  These data are sorted by the enrichment factor at 6  RoE 
from largest to smallest.  Note that the bottom three entries to this table were not 
detected at 0 RoE, but were in subsequent read(s), thus making this calculation 




Enrichment Factor (freq(n) / freq(0) at Indicated n 
0 1 2 3 4 5 6 
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SUPPLEMENTAL TABLE 3.  Enrichment Factor (ROE 1 ) of All Recombinases in 
Library 2 throughout SEER Workflow.  Here, enrichment factor is calculated as 
freqn/freqn-1, where n is the RoE.  These data are sorted by the enrichment factor at 1 
RoE from largest to smallest.  Note that empty entries arise when a recombinase is not 
detected in n-1 RoE, but is detected in n RoE. 
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SUPPLEMENTAL TABLE 4.  Oligo Primer List .  All primers used throughout the 





forward primer CGCTGAATTCCGCCACCt 
POLR2B 
Fwd(housekeeping) GCGGATGAGGATATGCAATATGA 
POLR2B Rvs ACCAAGCCTTTCTCGTCAAAA 
IL32 Fwd ATGTGCTTCCCGAAGGTCCTC 
IL32 Rvs TCATTTTGAGGATTGGGGTTC 
HLAB Fwd CAGTTCGTGAGGTTCGACAG 
HLAB Rvs CAGCCGTACATGCTCTGGA 
OAS3 Fwd TCTGAGACTCACGTTTCCTGA 















































































































































































































































































































































































































Ssb.seq-f  GCATTACCCGGAGTGTTGTG 
Ssb.402-r  AGGCTGACCCCAACCG 
















































































































































Binder, S., Siedler, S., Marienhagen, J., Bott, M., & Eggeling, L. (2013). 
Recombineering in Corynebacterium glutamicum combined with optical 
nanosensors: a general strategy for fast producer strain generation. Nucleic Acids 
Research, 41(12), 6360–6369. doi:10.1093/nar/gkt312 
Carr, P. A., Wang, H. H., Sterling, B., Isaacs, F. J., Lajoie, M. J., Xu, G., … Jacobson, J. 
M. (2012). Enhanced multiplex genome engineering through co-operative 
oligonucleotide co-selection. Nucleic Acids Research, 40(17), e132–e132. 
doi:10.1093/nar/gks455 
Court, D. L., Sawitzke, J. A., & Thomason, L. C. (2002). Genetic Engineering Using 
Homologous Recombination. Annual Review of Genetics, 36(1), 361–388. 
doi:10.1146/annurev.genet.36.061102.093104 
Curth, U., Genschel, J., Urbanke, C., & Greipel, J. (1996). In vitro and in vivo function 
of the C-terminus of Escherichia coli single-stranded DNA binding protein. 
Nucleic Acids Research, 24(14), 2706–2711. 
Datsenko, K. A., & Wanner, B. L. (2000). One-step inactivation of chromosomal genes 
in Escherichia coli K-12 using PCR products. Proceedings of the National 
Academy of Sciences, 97(12), 6640–6645. 
Datta, S., Costantino, N., & Zhou, X. (2008). Identification and analysis of 




their phages. Proceedings of the National Academy of Sciences, 105(5), 1626–
1631. 
DiCarlo, J. E., Conley, A. J., Penttilä, M., Jäntti, J., Wang, H. H., & Church, G. M. 
(2013). Yeast Oligo-Mediated Genome Engineering (YOGE). ACS Synthetic 
Biology, 2(12), 741–749. doi:10.1021/sb400117c 
Eisen, A., & Camerini-Otero, R. D. (1988). A recombinase from Drosophila 
melanogaster embryos. Proceedings of the National Academy of Sciences, 
85(20), 7481–7485. 
Ellis, H. M., Yu, D., & DiTizio, T. (2001). High efficiency mutagenesis, repair, and 
engineering of chromosomal DNA using single-stranded oligonucleotides. 
Proceedings of the National Academy of Sciences, 98(12), 6742–6746. 
Eroshenko, N., & Church, G. M. (2013). Mutants of Cre recombinase with improved 
accuracy. Nature Communications, 4. doi:10.1038/ncomms3509 
Finn, R. D., Clements, J., & Eddy, S. R. (2011). HMMER web server: interactive 
sequence similarity searching. Nucleic Acids Research, 39(suppl), W29–W37. 
doi:10.1093/nar/gkr367 
Furukohri, A., Nishikawa, Y., Tatsumi Akiyama, M., & Maki, H. (2012). Interaction 
between Escherichia coli DNA polymerase IV and single-stranded DNA-binding 
protein is required for DNA synthesis on SSB-coated DNA. Nucleic Acids 




Gibson, D. G., Young, L., Chuang, R.-Y., Venter, J. C., Hutchison, C. A., & Smith, H. 
O. (2009). Enzymatic assembly of DNA molecules up to several hundred 
kilobases. Nature Methods, 6(5), 343–345. doi:10.1038/nmeth.1318 
Gregg, C. J., Lajoie, M. J., Napolitano, M. G., Mosberg, J. A., Goodman, D. B., Aach, J., 
… Church, G. M. (2014). Rational optimization of tolC as a powerful dual 
selectable marker for genome engineering. Nucleic Acids Research. 
doi:10.1093/nar/gkt1374 
Handa, P. (2001). Chimeras between Single-stranded DNA-binding Proteins from 
Escherichia coli and Mycobacterium tuberculosis Reveal That Their C-terminal 
Domains Interact with Uracil DNA Glycosylases. Journal of Biological 
Chemistry, 276(20), 16992–16997. doi:10.1074/jbc.M100393200 
Hobbs, M. D., Sakai, A., & Cox, M. M. (2007). SSB Protein Limits RecOR Binding 
onto Single-stranded DNA. Journal of Biological Chemistry, 282(15), 11058–
11067. doi:10.1074/jbc.M611007200 
Hu, S., Fu, J., Huang, F., Ding, X., Stewart, A. F., Xia, L., & Zhang, Y. (2013). Genome 
engineering of Agrobacterium tumefaciens using the lambda Red recombination 
system. Applied Microbiology and Biotechnology, 98(5), 2165–2172. 
doi:10.1007/s00253-013-5412-x 
Iyer, L. M., Koonin, E. V., & Aravind, L. (2002). Classification and evolutionary history 
of the single-strand annealing proteins, RecT, Redβ, ERF and RAD52. BMC 




Kantake, N., Madiraju, M. V., Sugiyama, T., & Kowalczykowski, S. C. (2002). 
Escherichia coli RecO protein anneals ssDNA complexed with its cognate 
ssDNA-binding protein: A common step in genetic recombination. Proceedings 
of the National Academy of Sciences, 99(24), 15327–15332. 
Karakousis, G., Ye, N., Li, Z., Chiu, S. K., Reddy, G., & Radding, C. M. (1998). The 
beta protein of phage λ binds preferentially to an intermediate in DNA 
renaturation. Journal of Molecular Biology, 276(4), 721–731. 
Kmiec, E., & Holloman, W. K. (1981). Beta protein of bacteriophage lambda promotes 
renaturation of DNA. Journal of Biological Chemistry, 256(24), 12636–12639. 
Kosuri, S., Eroshenko, N., LeProust, E. M., Super, M., Way, J., Li, J. B., & Church, G. 
M. (2010). Scalable gene synthesis by selective amplification of DNA pools from 
high-fidelity microchips. Nature Biotechnology, 28(12), 1295–1299. 
doi:10.1038/nbt.1716 
Kozlov, A. G., Cox, M. M., & Lohman, T. M. (2010). Regulation of Single-stranded 
DNA Binding by the C Termini of Escherichia coli Single-stranded DNA-
binding (SSB) Protein. Journal of Biological Chemistry, 285(22), 17246–17252. 
doi:10.1074/jbc.M110.118273 
Lajoie, M. J., Gregg, C. J., Mosberg, J. A., Washington, G. C., & Church, G. M. (2012). 
Manipulating replisome dynamics to enhance lambda Red-mediated multiplex 





Lajoie, M. J., Kosuri, S., Mosberg, J. A., Gregg, C. J., Zhang, D., & Church, G. M. 
(2013). Probing the Limits of Genetic Recoding in Essential Genes. Science, 
342(6156), 361–363. doi:10.1126/science.1241460 
Lennox, E. S. (1995). Transduction of linked genetic characters of the host by 
bacteriophage P1. Virology, 1(2), 190–206. 
Lopes, A., Amarir-Bouhram, J., Faure, G., Petit, M.-A., & Guerois, R. (2010). Detection 
of novel recombinases in bacteriophage genomes unveils Rad52, Rad51 and 
Gp2.5 remote homologs. Nucleic Acids Research, 38(12), 3952–3962. 
doi:10.1093/nar/gkq096 
Lu, D., & Keck, J. L. (2008). Structural basis of Escherichia coli single-stranded DNA-
binding protein stimulation of exonuclease I. Proceedings of the National 
Academy of Sciences, 105(27), 9169–9174. 
Luisi-DeLuca, C., & Kolodner, R. (1994). Purification and Characterization of the 
Escherichia coli RecO Protein: Renaturation of Complementary Single-stranded 
DNA Molecules Catalyzed by the RecO Protein. Journal of Molecular Biolgoy, 
236(1), 124–238. 
Miki, T., Yamamoto, Y., & Matsuda, H. (2008). A Novel, Simple, High-Throughput 
Method for Isolation of Genome-Wide Transposon Insertion Mutants of 
Escherichia coli K-12. In A. Osterman & S. Gerdes (Eds.), Microbial Gene 
Essentiality: Protocols and Bioinformatics (Vol. 416, pp. 195–204). Humana 




Mortensen, U. H., Bendixen, C., Sunjevaric, I., & Rothstein, R. (1996). DNA strand 
annealing is promoted by the yeast Rad52 protein. Proceedings of the National 
Academy of Sciences, 93(20), 10729–10734. 
Mosberg, J. A., Gregg, C. J., Lajoie, M. J., Wang, H. H., & Church, G. M. (2012). 
Improving Lambda Red Genome Engineering in Escherichia coli via Rational 
Removal of Endogenous Nucleases. PLoS ONE, 7(9), e44638. 
doi:10.1371/journal.pone.0044638 
Mosberg, J. A., Lajoie, M. J., & Church, G. M. (2010). Lambda Red Recombineering in 
Escherichia coli Occurs Through a Fully Single-Stranded Intermediate. Genetics, 
186(3), 791–799. doi:10.1534/genetics.110.120782 
Mythili, E., Anand Kumar, K., & Muniyappa, K. (1996). Characterization of the DNA-
binding domain of β protein, a component of phage λ Red-pathway, by UV 
catalyzed cross-linking. Gene, 182(1-2), 81–87. 
Naue, N., Beerbaum, M., Bogutzki, A., Schmieder, P., & Curth, U. (2013). The helicase-
binding domain of Escherichia coli DnaG primase interacts with the highly 
conserved C-terminal region of single-stranded DNA-binding protein. Nucleic 
Acids Research, 41(8), 4507–4517. doi:10.1093/nar/gkt107 
New, J. H., Sugiyama, T., Zaitseva, E., & Kowalczykowski, S. C. (1998). Rad52 protein 
stimulates DNA strand exchange by Rad51 and replication protein A. Nature, 
391(6665), 407–410. 
Rios, X., Briggs, A. W., Chistodoulou, D., Gorham, J. M., Seidman, J. G., & Church, G. 




Oligonucleotides with Modified Bases. PLoS ONE, 7(5), e36697. 
doi:10.1371/journal.pone.0036697 
Rohland, N., & Reich, D. (2012). Cost-effective, high-throughput DNA sequencing 
libraries for multiplexed target capture. Genome Research, 22(5), 939–946. 
doi:10.1101/gr.128124.111 
Rybalchenko, N., Golub, E. I., Bi, B., & Radding, C. M. (2004). Strand invasion 
promoted by recombination protein β of coliphage λ. Proceedings of the National 
Academy of Sciences of the United States of America, 101(49), 17056–17060. 
Ryzhikov, M., Koroleva, O., Postnov, D., Tran, A., & Korolev, S. (2011). Mechanism of 
RecO recruitment to DNA by single-stranded DNA binding protein. Nucleic 
Acids Research, 39(14), 6305–6314. doi:10.1093/nar/gkr199 
Shereda, R. D., Kozlov, A. G., Lohman, T. M., Cox, M. M., & Keck, J. L. (2008). SSB 
as an Organizer/Mobilizer of Genome Maintenance Complexes. Critical Reviews 
in Biochemistry and Molecular Biology, 43(5), 289–318. 
doi:10.1080/10409230802341296 
Shinohara, A., & Ogawa, T. (1998). Stimulation by Rad52 of yeast Rad51-mediated 
recombination. Nature, 391(6665), 404–407. 
Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., … Higgins, D. G. 
(2011). Fast, scalable generation of high-quality protein multiple sequence 





Sullivan, M. B., Krastins, B., Hughes, J. L., Kelly, L., Chase, M., Sarracino, D., & 
Chisholm, S. W. (2009). The genome and structural proteome of an ocean 
siphovirus: a new window into the cyanobacterial “mobilome.” Environmental 
Microbiology, 11(11), 2935–2951. doi:10.1111/j.1462-2920.2009.02081.x 
Sung, P. (1997). Function of yeast Rad52 protein as a mediator between replication 
protein A and the Rad51 recombinase. Journal of Biological Chemistry, 272(45), 
28194–28197. 
Swingle, B., Bao, Z., Markel, E., Chambers, A., & Cartinhour, S. (2010). 
Recombineering Using RecTE from Pseudomonas syringae. Applied and 
Environmental Microbiology, 76(15), 4960–4968. doi:10.1128/AEM.00911-10 
Van Kessel, J. C., & Hatfull, G. F. (2006). Recombineering in Mycobacterium 
tuberculosis. Nature Methods, 4(2), 147–152. doi:10.1038/nmeth996 
Van Pijkeren, J.-P., & Britton, R. A. (2012). High efficiency recombineering in lactic 
acid bacteria. Nucleic Acids Research, 40(10), e76–e76. doi:10.1093/nar/gks147 
Van Pijkeren, J.-P., Neoh, K. M., Sirias, D., Findley, A. S., & Britton, R. A. (2012). 
Exploring optimization parameters to increase ssDNA recombineering in 
Lactococcus lactis and Lactobacillus reuteri. Bioengineered, 3(4), 209. 
Wang, H. H., Isaacs, F. J., Carr, P. A., Sun, Z. Z., Xu, G., Forest, C. R., & Church, G. M. 
(2009). Programming cells by multiplex genome engineering and accelerated 




Wang, H. H., Xu, G., Vonner, A. J., & Church, G. (2011). Modified bases enable high-
efficiency oligonucleotide-mediated allelic replacement via mismatch repair 
evasion. Nucleic Acids Research, 39(16), 7336–7347. doi:10.1093/nar/gkr183 
Weinert, B. T., & Rio, D. C. (2007). DNA strand displacement, strand annealing and 
strand swapping by the Drosophila Bloom’s syndrome helicase. Nucleic Acids 
Research, 35(4), 1367–1376. doi:10.1093/nar/gkl831 
Wu, Z., Xing, X., Bohl, C. E., Wisler, J. W., Dalton, J. T., & Bell, C. E. (2006). Domain 
Structure and DNA Binding Regions of beta Protein from Bacteriophage. 
Journal of Biological Chemistry, 281(35), 25205–25214. 
doi:10.1074/jbc.M512450200 
Xu, Q., Schlabach, M. R., Hannon, G. J., & Elledge, S. J. (2009). Design of 240,000 
orthogonal 25mer DNA barcode probes. Proceedings of the National Academy of 
Sciences, 106(7), 2289–2294. 
  
	  
95	  
	  
CURRICULUM VITAE 
96	  
	  
	  
97	  
	  
98	  
	  
99	  
	  
